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Objective: infrarenal aortic cross-clamp-induced lower torso ischaemia-reperfusion injury is associated with impairment
of glomerular filtration rate and upregulation of endogenous renal nitric oxide production. The aim of this study was to
investigate whether manipulation of the endogenous renal nitric oxide response can ameliorate subsequent renal injury.
Methods: groups of male Wistar rats (n=6) were treated with one of the following agents before being subjected to 60
min of infrarenal aortic cross-clamping: saline (control), L-NMMA (a pan nitric oxide synthase inhibitor), 1400W (a
highly selective iNOS inhibitor), hydrocortisone (an inhibitor of the systemic inflammatory response), L-arginine (the
substrate for nitric oxide synthase) and NOC-18 (a nitric oxide donor). Animals were recovered after a left nephrectomy.
The glomerular filtration rate (GFR) of the remaining kidney was measured on the second and seventh postoperative day
using a 99Tc DPTA clearance technique as an index of renal injury.
Results: animals treated with L-NMMA prior to aortic cross-clamping had a significantly impaired GFR compared to
controls on the second (p<0.01, Mann–Whitney U-test) and seventh (p<0.05, Mann–Whitney U-test) postoperative day.
Hydrocortisone and 1400W had no significant effect on GFR on the second or seventh postoperative day. L-arginine and
NOC-18 had no influence on GFR on the second postoperative day but significantly improved GFR on the seventh
postoperative day.
Conclusions: these results show that the endogenous nitric oxide response protects the kidneys from ischaemia–reperfusion
injury. Manipulation of the renal nitric oxide response may have therapeutic benefits to patients undergoing aortic
aneurysm repair by preventing acute renal failure.
Introduction three main isoforms. Neuronal NOS (nNOS), a 160
kilodalton (kd) protein and endothelial NOS (eNOS),
Acute renal failure complicating both emergency and a 135 kd protein are expressed at basal levels in many
elective aortic aneurysm surgery is associated with a tissues in the body including the kidneys, and these
high mortality rate.1,2 The cause of the postoperative enzymes produce small quantities of NO in physio-
renal dysfunction is multifactorial but aortic cross- logical states. Inducible NOS (iNOS), a 130 kd protein
clamping is an important factor, as it is associated with is expressed when activated by pro-inflammatory cyto-
marked changes in renal haemodynamics.3 Sudden re- kines and endotoxin in certain pathophysiological con-
establishment of the circulation to the lower torso ditions including ischaemia–reperfusion injury and
following release of the aortic clamp results in isch- septic shock.5
aemia-reperfusion injury (IRI). The release of oxygen- Nitric oxide is a potent vasodilator that is involved
derived free radicals, systemic vasoconstrictors and in the regulation of blood vessel tone during normal
the activation of neutrophils following IRI cause both physiological states. Renal NO production by renal
local and distant tissue damage in a number of organs cNOS plays a vital role in the regulation of renal blood
including the kidney.3,4 Nitric oxide (NO) is an in- flow.6 Nitric oxide also has anti-platelet properties and
organic messenger molecule formed as a by-product can inhibit neutrophil aggregation and interaction with
of the conversion of L-arginine to L-citrulline by a the endothelium. These properties may protect the
group of enzymes called the nitric oxide synthases kidney following IRI. However, during reperfusion
(NOSs). Nitric oxide synthases are subdivided into injury, NO can also react with the superoxide free
radical to produce the highly toxic peroxinitrite anion,
which has a very short half-life and is precursor of* Presented at the European Society for Vascular Surgery Annual
Meeting, Copenhagen, September 1999. the highly injurious hydroxyl free radical.7,8
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Leicester LE5 4PW, U.K. and renal pedicle IRI is associated with upregulation of
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Table 1. The influence of nitric oxide manipulating agents ontotal renal NOS activity and the expression of renal
glomerular filtration rate on day 2 and day 7. *p<0.05 and **p<0.01iNOS.9–11 NO production following infrarenal cross-
vs control Mann–Whitney U-test.clamping may have both beneficial and harmful effects.
Nitric oxide Glomerular filtration GlomerularNO may have a protective role in opposing the action
manipulating rate on day 2 filtration rate onof vasoconstrictors such as endothelin, angiotensin
agent (ml/minute) day 7 (ml/minute)and thromboxane which are produced during isch-
Control 1.50 (1.37–1.57) 1.49 (1.44–1.63)aemia–reperfusion injury. It may also prevent adhesion
L-arginine 1.62 (1.48–1.72) 1.67 (1.5–1.74)*of platelets and neutrophils to the endothelium.12–14
L-NMMA 1.16 (1.05–1.29)** 1.38 (1.23–1.56)*These effects may decrease the microcirculatory 1400W 1.48 (1.32–1.62) 1.51 (1.40–1.68)
Hydrocortisone 1.49 (1.41–1.60) 1.57 (1.41–1.67)changes of poor flow and platelet plugging seen in
NOC-18 1.62 (1.52–1.72) 1.66 (1.57–1.75)*ischaemia-reperfusion injury. However, NO pro-
duction can lead to increased production of other toxic
free radicals such as peroxinitrite and the hydroxyl and NOC-18 (0.5 mg/kg). The aorta was cross-clamped
ion which cause further cellular damage. The aim of below the renal arteries for an ischaemic period of 60
this study was to investigate whether manipulation of min. Following cross-clamping the abdominal incision
the endogenous NO response using NO donors and was loosely closed and the animal maintained under
antagonists could ameliorate aortic cross-clamp-in- anaesthesia on a warming tray. After the ischaemic
duced renal IRI. period, the abdomen was reopened and the vascular
clamp released. All animals including controls under-
went a left nephrectomy. Animals were then recovered
after administration of an intramuscular dose of bu-
Materials and Methods prenorphine (R&C, U.K.). Renal function was meas-
ured in the remaining kidney on day 2 and day
The pharmacological agents investigated were L-ar- 7 using a 99mTc DPTA (Amersham, U.K.) clearance
ginine (the substrate for NOS), NG-monomethyl-L- technique.
arginine (L-NMMA – an inhibitor of all isoforms of
NOS), N-(3-amonomethyl) benzylacetamide (1400W – Assessment of renal function
a highly specific inhibitor of iNOS), hydrocortisone (a
non-specific inhibitor of the inflammatory response) Renal function was assessed on the second and seventh
and Z-1-2 aminoethyl -(2 ammonioethyl)amino diazen- day postoperatively using a 99mTc DPTA (Amersham,
1-ium, 1,2 diolate (NOC-18 – a slow release NO donor). U.K.) clearance technique. A measured timed dose of
All pharmacological agents were purchased from Cal- approximately 20 MBq of isotope diluted in 0.5 ml of
biochem-Novabiochem, California. saline was injected intraperitoneally using an insulin
syringe with a 26-gauge needle while the animal was
lightly sedated with halothane. Two blood samples
(0.25 ml) were taken via tail tip amputation under light
Surgical procedures anaesthesia at 45 and 90 min following injection of the
isotope. Samples were spun at 1300 g for 5 minutes
Groups of adult male Wistar rats (n=6) weighing and the plasma activity (which is dependent on renal
450–500 g were anaesthetised with halothane (Zeneca, clearance of the isotope) was quantified in 50 ll of
U.K.), placed supine on a heated mat and connected plasma in a gamma counter (Philips PW4800). The
to an anaesthetic circuit. One and a half millilitres of glomerular filtration rate (GFR) was calculated by the
sterile saline were injected subcutaneously in the nape plasma clearance slope intercept method.15
of the neck every hour to replace ensuing surgical
losses from evaporation. The abdomen was clipped Statistics
and prepared with chlorhexidine in alcohol and
covered with a sterile keyhole drape. A midline lap- Results are expressed as medians with range. Results
arotomy was performed and a retroperitoneal window were analysed using the Mann–Whitney U-test and
dissected to expose the infrarenal aorta and inferior significance was accepted at the p<0.05 level.
vena cava. Groups of rats (n=6) received one of the
following agents via the inferior vena cava 5 min Results
before infrarenal aortic cross-clamping: normal saline
(control), L-arginine (300 mg/kg), L-NMMA (30 mg/ There were no deaths. GFR measurements are shown
in Table 1 and Figs 1 and 2. Treatment of animals withkg), 1400W (10 mg/kg), hydrocortisone (20 mg/kg)
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cross-clamping. Alternatively, if endogenous NO pre-
vents or ameliorates renal impairment, nitric oxide
donors might facilitate this protective effect. The ex-
periments were performed using a rodent model of
infrarenal aortic cross-clamp-induced renal injury. The
inferior vena cava was exposed to allow administration
of control (normal saline) or active pharmacological
agents prior to infrarenal aortic cross-clamping. The
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Fig. 1. The influence of nitric oxide manipulating agents (x-axis)
on postoperative renal function were studied. L-on glomerular filtration rate on day 2 (y-axis). **p<0.01 vs control
Mann–Whitney U-test. NMMA, a pan NOS donor inhibits all isoforms of
NOS and 1400W is a highly selective iNOS inhibitor
(which has no effects on the constitutive isoforms of
NOS). L-arginine is a simple amino acid which is the
substrate for NOS and NOC-18 is a water-soluble slow
release NO donor with a half-life of 2 days. The
influence of traditional NO donors such as GTN or
sodium nitroprusside was not investigated because
they have a very short half-life, require a continuous
intravenous infusion and often produce volatile
changes in blood pressure. In addition, the effects of
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hydrocortisone (an anti-inflammatory steroid) which
Fig. 2. The influence of nitric oxide manipulating agents (x-axis) inhibits the systemic inflammatory response in a non-
on glomerular filtration rate on day 7 (y-axis). *p<0.05 vs control
specific manner was investigated. The GFR was meas-Mann–Whitney U-test.
ured on the second and seventh postoperative day as
an index of renal injury.
L-NMMA prior to aortic cross-clamping significantly Animals that were administered with the NO donors
impaired GFR (p<0.01, Mann–Whitney U-test) com- L-arginine and NOC-18 prior to infrarenal aortic cross-
pared to controls on the second and seventh post- clamping did not have a significant improvement in
operative day. Hydrocortisone and 1400W had no renal function on the second day. These agents did,
significant effect on GFR on the second or seventh however, significantly improve renal function by the
postoperative day. L-arginine and NOC-18 had no seventh postoperative day (p<0.05). This suggests that
influence on GFR on the second postoperative day but pretreatment with a NO donor may favourably im-
significantly improved GFR on the seventh post- prove the balance between vasoconstrictors and vaso-
operative day (p<0.05 Mann–Whitney U-test) com- dilators on the renal vascular bed during the early
pared to controls. reperfusion period to eventually protect against renal
impairment.
These data demonstrate that administration of the
pan NOS inhibitor L-NMMA significantly impairedDiscussion
renal function on the second (p<0.01) and seventh
(p<0.05) postoperative day. The highly selective iNOSThe aim of the experiment was to investigate the
inhibitor 1400W and hydrocortisone did not influenceeffects of pharmacological manipulation of nitric oxide
GFR significantly on the second or seventh post-on infrarenal aortic cross-clamp-induced renal IRI.
operative day. This suggests that NO production fromNitric oxide may have potential beneficial effects in-
the constitutive isoforms of NOS may provide a pro-cluding maintaining renal blood flow, preventing
tective effect against renal injury during the very earlyplatelet plugging and prevention of neutrophil ag-
reperfusion period. Inducible NOS expression doesgregation following IRI. On the other hand NO may
not occur in the kidney during the early reperfusionhave potentially harmful effects by combining with the
period and this may explain why manipulation ofsuperoxide free radical to form peroxinitrite following
iNOS did not make any difference. Hydrocortisone isIRI. If NO contributes to renal impairment then phar-
a non-specific inhibitor of the systemic inflammatorymacological manipulation of the nitric oxide response
response and prevents expression of iNOS. Hydro-by total or selective NOS inhibition might reduce or
prevent impairment in GFR following infrarenal aortic cortisone did not influence renal impairment following
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